Classic rainfall-runoff models usually use historical data to estimate model parameters and mean values of parameters are considered for predictions. However, due to climate changes and human effects, model parameters change temporally. To overcome this problem, normalized difference vegetation index (NDVI) derived from remotely sensed data was used in this study to investigate the effect of land cover variations on hydrological response of watersheds using a conceptual rainfallrunoff model. The study area consists of two sub-watersheds (Hervi and Lighvan) with varied land cover conditions. Obtained results show that the one-parameter model generates runoff forecasts with acceptable level of the considered criteria. Remote sensing data were employed to relate land cover properties of the watershed to the model parameter. While a power form of the regression equation could be best fitted to the parameter values using available images of Hervi sub-watershed, for the Lighvan sub-watershed the fitted equation shows somewhat lower correlation due to higher fluctuations of the model parameter. The average values of the Nash-Sutcliffe efficiency criterion of the model were obtained as 0.87 and 0.55, respectively, for Hervi and Lighvan sub-watersheds. Applying this methodology, the model's parameters might be determined using temporal NDVI values.
INTRODUCTION
The impact of land use and land cover change on runoff generated from a river basin is of major interest as the tendency Unlike lumped models, semi-distributed geomorphologic models require large amounts of spatial data in which a combination of remote sensing, geographic information systems (GIS), and hydrological concepts can be used to represent spatial hydro-geomorphological data and information at landscape to global scales (Pickup ) . Since geomorphologic models use the physical properties of the watershed to inform specification of values for the model's parameters, they are less dependent on the availability of adequate historical event data and can therefore be applied in ungauged watersheds with only limited rainfall-runoff records.
In support of geomorphological modeling, remotely sensed data about land cover type are widely used to derive input variables for a variety of hydrologic-response environmental models (Miller et al. ) . Several studies assessed the effects of land use changes urbanization on rainfall-runoff response using a modeling strategy supported by remote sensing (e.g., see Verbeiren et al. ; Miller et showed that trees consume more water than shrub and grass and therefore would result in more soil desiccation.
One of the major effects of urbanization is land cover degradation, therefore, NDVI as a remote sensing index can also be effectively used to monitor urbanization and land cover changes, especially for the arid condition of Iran, where natural watersheds are gradually changing to urbanized areas.
Whereas it is common to consider changes in storm runoff volume due to increases in impervious surfaces 
STUDY AREA AND DATA

Study area
The study area comprises a 77-km 2 sub-watershed of Lighvan and an approximately 60-km 2 sub-watershed of Hervi located in north west Iran. Elevation ranges from 1,920 m to 3,453 m above sea level in Hervi and from 2,180 m to 3,453 m in Lighvan. The annual average rainfall in these sub-watersheds is 461 mm, mainly occurring in May to July. The average of mean daily temperature is 12.6 W C and the annual pan evaporation is equal to 1,866 mm. All mentioned values are the long-term mean annual values for the study area. Vegetation in the study area consists of grassland, farmland, and gardens. Although both sub-watersheds contain residential areas, the Hervi sub-watershed is more highly developed area (14.5% versus 10.1% for Lighvan).
For the study area, Figure 1 shows an aerial photograph, the location map, and the shuttle radar topography mission would be offset in the calibration process. Thereafter, the Φindex method, which applies the continuity equation, was selected among the other methods such as curve number (CN) or SCS to extract the excess hyetograph of each event from observed hyetographs (Chow et al. ) . In this way, any rainfall prior to the beginning of direct runoff was taken as initial abstraction. Since the study area is small, the rainfall distribution was assumed uniform over the whole watershed. In this study, 13 storm events occurring simultaneously in both sub-watersheds (during 1998-2012) were selected to examine the proposed methodology. Assuming the linear system theory for instantaneous unit hydrograph (IUH) model, the runoff hydrographs for the two sub-watersheds were separated using the concept of linearity. Ten storm events were used for calibrating the model and three events used for verification. Characteristics of the available events are presented in Table 2 .
Satellite imagery
A well-developed global archive of Landsat images with 30 m spatial resolution is available, and is widely used to detect and monitor land cover change (Kepner et al. Table 3 .
METHODOLOGY Remote sensing analysis
The Landsat images were processed to compute the NDVI for each image pixel. Available cloud-free satellite images were used to detect the land cover changes of the study area.
Image processing
Since the Landsat images are from different times and seasons, the position of the sun, the angle of the terrain, and the atmospheric effects are different. Also, different sensors might not have the same image data. In order to make comparisons between the images obtained by different sensors 
NDVI
The NDVI is historically one of the first vegetation indices.
The processed RED (band 3) and NIR (band 4) images were used to calculate NDVI values for the study area, using the formulation introduced by Rouse et al. (): The rainfall input is attributed proportionally between subbasins on the basis of their areas. The excess rainfall (I(t)) and the outflow (Q(t)) of the prior reservoir for each reservoir is the input and output, respectively. Considering distributed excess rainfall in proportion to sub-watershed areas and applying linear reservoir storage (R(t) ¼ kQ(t)) and continuity (I(t) À Q(t) ¼ (dR=dt)) equations together (Chow et al. ) to all the reservoirs, the system equations for N reservoirs are (Singh ):
in which D is differential operation (D ¼ (d=dt)), k i is the storage coefficient of the ith reservoir, C i is the ith subwatershed area and A is the watershed area. Representing the inflow rainfall excess as a Dirac delta function (δ(t)), system equations for the instantaneous unit precipitation are:
Equation (4) 
in which (Saeidifarzad et al. ):
where k is the model parameter with dimension [TL À1 method was applied in this study as:
where M 1 is the first moment of the quantities within parentheses. Equation (7) shows that the model parameter, k,
is explicitly linked to geomorphological properties of the sub-watersheds. In modeling via GUHCR, only one parameter (i.e., k i ) is computed by the empirical equation (Equation (8)) and RMSE (Equation (9)), but owing to the importance of peak discharges in flood control and the volume of runoff in water resources management, three other important criteria, the ratio of error of peak flow (E P ), the ratio of error of time to peak (t P ), and the ratio of error of the hydrograph's volume (E v ) were also used in this study to evaluate the proposed methodology as shown in the appendix (available with the online version of this paper). There are some other criteria that can be used in order to assess the performance of the method. The used criteria are the most widely used measures for calibration and evaluation of the hydrological models by comparison with observed data.
The model parameter was calibrated based on minimizing (maximizing) the RMSE (NSE) and then the performance evaluation was done using the other criteria.
There are several methods for calibration of model parameters such as PEST (Doherty ), and meta-heuristic methods like the genetic algorithm (Nourani ) . In this study, the calibration of the parameter was performed using a semi-automatic trial and error method because there is only one parameter in the model.
ANALYSES AND RESULTS
Using the calculated values of NDVI and the calibrated parameter of the GUHCR model for each event, a regression equation could be fitted to obtain a relationship between NDVI and the parameter of the model for the study area.
A schematic diagram of the proposed methodology is shown in Figure 2 .
At the first step, the hydro-climatologic (rainfall-runoff events and geomorphological characteristics of watersheds) data were gathered for both watersheds and the contem- Table 3) was used to find long-term relationship between NDVI of image and the calibrated parameter of the hydrologic model. Figure 3 and Table 3 
Computed values of NDVI
Calibration of model parameters
The geomorphological parameters of the GUHCR model (C i , S 0i , L i ) were first extracted using GIS tools (Table 4) .
Then, the parameter ( k) was determined via Equations (5)- (7), using the sub-watersheds' physical parameters (Table 4 ) and data of 10 calibration storm events. Table 5 displays the parameters of the GUHCR ( k) models during 1998-2012 calibrated for each rainfall-runoff event.
The GUHCR model parameter ( k) is related to the watershed's geomorphology and the event's characteristics. As it can be seen from Table 5 , parameter k decreases from 1998 to 2012 in both sub-watersheds, although it has more fluctuations in Lighvan which has smaller urbanized areas (see Figure 3 ). Table 6 , the GUHCR model simulates the peak flow, time to peak, and the volume of runoff accurately. The results of Table 6 show that the variation of parameter k before 2000 is greater than those in the other years for the study period. This may be associated with more rapid increases in urbanization and gardening, and decrease in grassland and farmland. Beginning around the year 2000, the study area was designated as an experimental watershed by East Azerbaijan local water organization, and human activities were restricted. 
Relationship between NDVI and IUH parameter
The previously shown results for the study sub-watersheds demonstrate the effect of land cover changes on the results of the rainfall-runoff model. As mentioned before, the changes of the model parameter are somewhat similar to NDVI changes in the study period.
As can be seen in Tables 3 and 5 and one year to the next) during the study period.
To evaluate the performance of the fitted equations to estimate the model parameter, the three rainfall-runoff events which were not used in the calibration stage were examined to verify the rainfall-runoff modeling for both sub-watersheds. For the GUHCR model, which consists of only one parameter of k, the parameter was calculated for each sub-watershed using the NDVI value of the verification events and the fitted power equation (see Figure 5 ) as:
for Hervi (Equation (8)) and Lighvan (Equation (9)) subwatersheds. Note: C i , S 0i , L i , and K i are the area, the average overland slope, the longest flow path in the drainage network, and geomorphological parameter of sub-watersheds, respectively. the verification results of the GUHCR model show acceptable accuracy in predicting the peak flow, time to peak, and the volume of the hydrograph. Figure 6 compares the observed and simulated hydrographs of the verification events using the GUHCR model for both sub-watersheds. As can be seen from Calibration of model parameters Figure 6 shows a good agreement between simulated and observed hydrographs in the Hervi sub-watershed. It is also worth noting that the GUHCR model is able to simulate both the rising limbs of hydrographs (which are mostly related to storm properties) and the recession limbs (which are usually related to the watershed morphology) appropriately. As indicated by E p , t P , and E v in Table 7 , the error of peak flow, time to peak, and the for fitting would lead to a more precise model or even to developing an artificial intelligence-based model.
Based on the result of the verification step, higher performance criteria are clearly due to the higher correlation between the NDVI and model parameter in Hervi The verification results of the GUHCR model show acceptable accuracy in predicting the peak flow, time to peak, and (1) The steady urban growth had a considerable impact on peak discharges. The hydrological response is quicker as a result of urbanization. (2) The applied modeling and method have some limitations just like other models. The modeling was performed assuming the watershed as a linear system which is nonlinear in reality. This assumption might result in some errors in the model's output. Furthermore, the number of rainfall-runoff events was limited to some seasons, which might be a limitation in determining the parameters' trend; however, the model can be updated to have access to more data in the future. This study Gauge data, Landsat images/ geomorphological rainfall-runoff model (GUHCR)
Hervi and Lighvan watersheds, Tabriz, Iran
(1) The precise detection of the land use/cover conditions by remotely sensed data would lead to more reliable results. (2) The change of the model parameter is somehow similar to NDVI changes in the study period.
(3) A power form of the regression equation could be fitted to the data on parameters of the model and NDVI values using available images Not all papers performed the effect of land cover properties on the model parameters and the temporal changes of the parameters. These are denoted with N/A representing 'not applicable' in the relevant part of the Key results column. In the Key results column, the above-mentioned three components are identified by the code: (1) effect of land cover changes on runoff;
(2) effect of land cover changes on the model parameters; and (3) investigation of temporal vegetation cover index.
